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ABSTRACT 

Oil spills are becoming a major cause of environmental damage on a worldwide scale. 

Effective ways to separate oil from water are needed to solve this issue. Meshes and membranes 

that are superhydrophilic/superoleophobic are promising materials for oil-water separation, but 

their actual utilisation still confronts several obstacles. In this work, we made oleophobic TiO2 

and SiO2 nanoparticle-coated superhydrophilic stainless steel meshes. The coating was made by 

electrophoretically depositing positively charged nanoparticles of TiO2 and SiO2 on stainless 

steel meshes after treating of TiO2 and SiO2 with iodine in acetyl acetone solutions. To increase 

stability and oil-water separation performance, four different mesh counts (80, 120, 200, and 

400) were created and put through sintering operations at various temperatures. X-ray diffraction 

(XRD), scanning electron microscopy (SEM), and contact angle (CA) measurements were used 

to explore the specific microscopic structural characteristics of these meshes. These meshes were 

evaluated for their ability to separate oil from water using gas florescence and ultraviolet-visible 

(UV-vis) spectroscopic methods. Our research has shown that the mesh created with 1% 

concentration of SiO2 (SiO2/TiO2 = 0.01), mesh spacing 400, and sintering temperature 800 °C 

had the optimal oil-water separation performance. It is important to note that for hexane and 

Terra-Nova oil, this mesh exhibits outstanding surface hydrophilicity/oleophobicity with static 

contact angles greater than 170°. In this experiment Terranova oil used in prepared emulsion for 

oil-water separation tests and the efficiency calculated was 91%. Also, these coated meshes can 

be reused for at least five cycles, according to durability testing, which also minimises the cost of 

treating oily wastewater. 
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CHAPTER ONE  

1 Introduction and Overview  

1.1 Background 

Oil spill has tremendous negative impacts on the ecological system and environment that 

can last for a long time. Frequent oil spill incidents are a big problem because they can cause 

significant energy loss in addition to serious environmental damage. Additionally, since even a 

little amount of water in fuel oil could jeopardise transportation safety, the expulsion of water 

from fuel oil is essential in the vehicle, ship, and aviation industries. In response to these 

enormous obstacles, scientists have consistently focused their efforts on creating new methods 

and materials for oil/water separation. Traditional techniques like centrifugation, air flotation, 

ultrasonic separation, electric fields, coagulation, and biological treatment are all widely used as 

separation technologies and can handle the majority of separation needs by thoroughly 

integrating physical, chemical, and biological approaches 1. 

It is helpful to clarify what we are going to separate before we talk about separation 

technique and apparatus. It consists primarily of an oily phase and water. Free water and 

emulsified water are the two different types of water. When spilt at sea, the majority of crude oils 

and intermediate to heavy products will emulsify, generating water-in-oil-emulsions (w/o), 

sometimes known as "chocolate mousse." The natural emulsifiers found in the oil, colloidal 

particles in the sea, or oil biodegradation by-products can all be used to stabilise the w/o 

emulsions. The weathering process is extremely difficult and poorly understood. In the open 

water, agitation from turbulent surface conditions is what causes the initial intrusion of surface 
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oil into the water column. The majority of the energy needed for the operation is mostly 

contributed by breaking waves. The passage of small craft through surface oil and ship traffic are 

two other minor contributory variables. 

 Oil/water separation technologies play an essential role in treating oil spill field2,3. The 

development of novel functional materials with selective wetting behavior toward oil and water 

is a promising way for oil/water separation4–6. In this field, studies mainly focus on surface 

superwettabilities, such as superhydrophobicity, superhydrophilicity, superoleophobicity, and 

superoleophilicity 7.  

Superhydrophobic and superoleophilic materials (with a water contact angle >150° and 

an oil contact angle <10°), can absorb or filtrate oil5,8,9. These oil-loving materials are subject to 

some major disadvantages; for example, they are not suitable for gravity-driven separation. They 

are easily foul or even blocked up by oil and affect the oil-water separation. Also, these types of 

materials are hard to clean and recycle 4,10–13. On the other side, superhydrophilic and underwater 

superoleophobic materials (with an oil contact angle >150° and a water contact angle <10°), 

effectively prevent oil fouling and cause constant water permeation 5,7. In addition, these 

materials are highly reported for their excellent separation efficiency, high filtration flux, and 

easy recycling for oil/water separation 7,11,14. 

There are some attempts to fabricate materials having superoleophobic and 

superhydrophilic characteristics. Due to perceived dominance in anti-oil contamination, the 

potential application of superoleophobic/superhydrophilic materials in treating liquid mixtures 

has not been well-proven. Immiscible mixes and emulsions, for example, are two forms of oil-

water mixtures based on the mix type. In immiscible mixes, oil and water are stratified by 
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densities. In contrast, emulsions are a more sophisticated mix type in which microdroplets of oil 

or water (diameter <20 um) are spread in the other 5.  The majority of available 

superoleophobic/superhydrophilic materials have been dedicated to achieving immiscible oil-

water separation, and their use in emulsion separation has been proved very occasionally. 

Furthermore, the most prevalent forms of emulsions are oil-in-water and water-in-oil emulsions. 

Superhydrophilic materials, which have been produced in continued research, have shown to be 

a viable option for separating any type of emulsion. However, there is no evidence that 

superoleophobic/superhydrophilic material can be used to separate both forms of emulsions 15.  

So far, various materials have been explored for underwater superoleophobicity, 

including TiO2 
5, palygorskite 16, Cu(OH)2 

17, ZnO 18,19, Silica 20 and hydrogels 21,22. However, a 

high separation efficiency technology for separating oil from oily saltwater or wastewater has yet 

to be discovered. To promote practical applications, separation efficiency and stability in the 

complicated oily seawater or wastewater environment should be assessed 12,23,24.  

Titanium oxide TiO2, because of a large amount of hydroxyl groups on its surface, is 

often hydrophilic. Its photoinduced self-cleaning capability is widely used in oil/water separation 

studies 4,11,25. Titanium dioxide (TiO2) nanomaterials naturally appear in several phases; 

thermodynamically stable rutile and metastable highly crystallized anatase are two familiar 

sources of TiO2. The hydrophilicity of TiO2 closely depends on the formation of these two phases 

11,26. Also, Silica (SiO2) has a hydrophilic feature and, due to its low price, is another material 

that gets attention for prevalent industrial submissions use 24.  

Among diverse surface modification technologies, superhydrophilic/superoleophobic 

meshes and membranes due to superwettability feature, higher permeability, mechanical 
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strength, simplicity, and low cost, are promising for oil-water separation; but their practical 

application still faces many challenges 10,27,28.  Therefore, this thesis is aimed to fabricate 

superhydrophilic (θwater <5o) stainless steel meshes that exhibit underwater superoleophobicity 

(θoil>170o) which will be coated with oleophobic TiO2 and SiO2 nanoparticles. 

1.2 Research Objectives 

It is helpful to clarify what we are going to separate before we talk about separation 

technique and apparatus. It consists primarily of an oily phase and water. Free water and 

emulsified water are the two different types of water. When spilt at sea, the majority of crude oils 

and intermediate to heavy products will emulsify, generating water-in-oil-emulsions (w/o), 

sometimes known as "chocolate mousse." The natural emulsifiers found in the oil, colloidal 

particles in the sea, or oil biodegradation byproducts can all be used to stabilise the w/o 

emulsions. The weathering process is extremely difficult and poorly understood. 

Fabrication of surfaces with superhydrophilic and underwater superoleophobicity 

properties has attracted extensive attention as a solution to oil spills to the increase in industrial 

oily wastewater volume and frequency of accidental oil spills. Before being released into the 

water sources, the associated oil-water systems should be treated appropriately. To date, several 

techniques have been used to separate oil from water mixtures, including gravity separation, 

centrifugation, air flotation, electric field, coagulation, and adsorption 29,30. Since these systems 

have traditionally been challenging to employ due to their low separation efficiency, secondary 

pollution production, and big size, more effective techniques were created. In order to achieve 

deep water purification, membrane filtration technology has advanced recently. Size exclusion 

and reverse osmosis techniques have been used to separate stable emulsions, dissolved oil, and 
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even chemical molecules. However, their range of applications is constrained by the stringent 

criteria for oil/water mixes, issues with membrane fouling, and high cost. Additionally, porous 

polymers and inorganic materials are frequently employed to absorb oils from water in order to 

meet the emergency response needs of oil spills. A well-known separation technique, has been 

widely used for oil-water separation applications because of its durability, economic and ease of 

use features 29,30. 

This thesis presents a detailed study into the development and experimental 

characterization of surfaces with superhydrophilic and underwater superoleophobicity properties. 

This research investigates the electrodeposition of TiO2 and SiO2 nanoparticles onto stainless 

steel meshes (80, 120, 200, and 400 pore size) to produce superhydrophilic (water<0o) surfaces 

with underwater superoleophobicity (oil>170o). The TiO2-coated mesh in its natural state has 

high water affinity and oil repellency underwater. Oils (n-hexane and ethanol) were separated 

from oily water using a superhydrophilic/ superoleophobic TiO2/SiO2-coated mesh.  

Previous studies have assessed the superhydrophilic and superoleophobic mesh and 

membrane performance for use in oil-water separation applications. However, more 

experimental work is still needed in this area to lower fabrication costs, increase the stability 

under various harsh conditions, adapt to more industrial applications, and learn more about the 

mechanism of oil-water separation. We investigate a unique and affordable technology for 

fabricating stainless steel mesh for an efficient and dynamic oil-water separation to close the 

present knowledge gap in this field.  
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1.3 Organization of the Thesis 

In chapter 2, a summary of the fundamental understanding of hydrophobic surfaces, 

wetting properties, and corrosion behavior is provided. Second, a review is conducted on related 

research in the fabrication of superhydrophilic stainless steel surfaces through different surface 

treatment methods. Then we discuss the methods to characterize the superhydrophilic and 

superoleophobic surfaces.  

Chapter 3 introduces the experimental approaches and characterization methods. The 

general processes for achieving various levels of surface roughness and electrodeposition are 

detailed. Also, we discuss materials and techniques for fabricating and characterizing the 

superhydrophilic and superoleophobic SS mesh. 

In Chapter 4, the results and discussions are provided; success in each fabrication step 

was ascertained by underwater oil contact angle measurements, surface energy, scanning 

electron microscopy (SEM), X-ray diffraction (XRD) and separation efficiency analyses are 

presented. 

In Chapter 5, an overall conclusion of the whole research effort is provided, and some 

future work is suggested. 
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CHAPTER TWO 

2 Literature Review 

2.1 Surface Wettability and Contact Angle 

Wetting phenomena can be observed every day around us. Examples are raindrops on a 

window or the spreading of ink on paper.  In many industrial processes, such as oil recovery, 

lubrication, liquid coating, printing, and spray quenching, wetting plays a critical role, defined as 

the tendency of one fluid to spread on or adhere to a solid surface 31–33. Wetting usually involves 

the measurement of contact angles and in general, includes all phenomena involving contacts 

between three phases, of which at least two are fluid (liquid or gaseous), and it indicates the 

degree of wetting when a solid and liquid interact 31. As shown in Figure 1, Small contact angles 

(<90°) correspond to high wettability and the fluid will spread over a large area on the surface;  

while large contact angles (>90°) refer to low wettability and generally means that wetting of the 

surface is unfavorable so the fluid will minimize its contact with the surface and form a compact 

liquid droplet 34. 

 

 

Figure 1: Illustration of contact angles formed by sessile drops on a smooth homogeneous solid 

surface 24.  
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When a liquid droplet is placed onto an ideal solid surface, which is defined as smooth, 

rigid, chemically homogeneous, insoluble, and nonreactive, the droplet’s shape in equilibrium is 

determined by the surface tensions of each phase. Young’s equation quantifies the pioneering 

correlation between the contact angle and the interfacial tensions: 

                                                               cos 𝜃𝑌 =
γ𝑆𝑉−γ𝑆𝑙

γlv
                                                        (1)    

where the subscript Y indicates the Young contact angle (YCA), and three interfacial 

tensions characterize the three-phase wetting system: liquid–fluid, 𝛾lv, solid-liquid, 𝛾sl, and solid-

fluid, 𝛾sv 
35.  

Wenzel accounted for the effect of surface roughness on contact angle. In the Wenzel 

model, the solid surface is chemically homogeneous, and the liquid completely penetrates the 

grooves of a rough surface 36. 

                                                                          𝑐𝑜𝑠𝜃𝐴𝑝𝑝 = 𝑟𝑐𝑜𝑠𝜃𝑌                                                       (2) 

In (2, 𝜃App represents the apparent contact angle, and r denotes the surface roughness 

parameter (r = 1 for a smooth surface and >1 for a rough one).  

Under some roughness conditions, especially when roughness is high, air bubbles may be 

trapped in the roughness grooves underneath the liquid; in this case, the Wenzel equation is not a 

suitable case 35. The solid surface may be considered chemically heterogeneous, and the Cassie 

and Baxter (CB)  (3, can be applied in the following form: 

                                                     cos 𝜃𝐶𝐵 = 𝑓𝑟𝑓 cos 𝜃𝑌 − (1 − 𝑓)                                              (3) 
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where θCB is the CB apparent contact angle and f1 is the fraction of the projected area of 

the solid surface wet by the liquid, and rf is the roughness ratio of the wet spot. When f =1, rf = r, 

the CB equation turns into the Wenzel equation 35. Figure 2 shows the three contact angle stages 

based on the Young's, Wenzel, and Cassie-Baxter states. 

 

Figure 2: Three different contact conditions between surface and liquids based on (a) Young's 

state, (b) Wenzel state, and (c) Cassie-Baxter state 36. 

2.2 Surface Treatments 

Solid materials are classified into two categories based on their interaction behavior with 

water; Depending on the water droplet contact angle, the material is classified as either: 

hydrophilic with an affinity for water absorption (θe < 90°), hydrophobic with little or no 

tendency to absorb water (90°< θe < 150°) 11,37,38.  

 

Figure 3:  Schematic of water droplet's contact angle with different surface wettability 36. 
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If the contact angle between the water droplet and the solid surface reaches less than 5° in 

less than 0.5 seconds (θe < 5°), the surface is superhydrophilic and for a contact angle higher 

than 150° (θe>150°) the surface is superhydrophobic 28 (Figure 3).   

We can find examples in nature. Plant leaves found in living nature are either water 

repellant or have an affinity to water. The lotus leaf is known to be super water repellent and is a 

model surface for superhydrophobicity. Water droplets falling on the leaf exhibit high contact 

angles and a low contact angle hysteresis or tilt angle due to forming air pockets (referred to as 

the Cassie-Baxter state of wetting). Therefore, droplets roll off the surface, moving quickly 

across the leaf, collecting debris as they go and keeping the leaf clean for photosynthesis 34.   

Oil and water are not soluble or miscible in water contaminated with oil. Oil-water 

mixtures present can be divided into immiscible mixtures and emulsions. Oleophilic and 

superoleophilic states are used for a solid surface wetted by the oil (organic) phase; oleophobic 

and superoleophobic terms are used for solid surfaces not wetted by oil 39–41.   

2.3 Characteristics of Superhydrophilic and Superoleophobic Materials 

The wettability of the surface is controlled at the molecular level by the functional 

groups. For instance, the molecules -OH, -COO, -COOH, -NH2, -NH3+, -OSO3 and -OSO3H 

can form hydrogen bonds with water molecules and have hydrophilic properties, whereas 

silicone, fluorocarbon, and hydrocarbon-based polymers have lower surface energies and are 

more hydrophobic. Polar molecules will be able to dissolve in other polar liquids, such as water. 

This also applies to liquids spreading on surfaces with an electric dipole or multipole moment. 

This is a qualitative method to define a hydrophilic surface or ‘‘polar spreads on polar’’. 
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However, for metal surfaces, the hydrophilicity of the surface is a result of the dispersion forces, 

and these are adequate to induce water spreading on clean surfaces of noble metals 37.   

In the solid–water–air system, the contact angle of a water droplet on a hydrophilic 

surface is less than 90°. Contact angles less than 5° make the surface superhydrophilic 36,42,43. 

The difference between the advancing and retreating contact angles is called contact angle 

hysteresis. Its value is determined by whether the measurements are made in static or dynamic 

environments. Contact angle hysteresis is also affected by the rate of liquid flow 34. 

In the process of oil-water separation, the superhydrophilic and superoleophobic surfaces 

have extremely high surface energy. So, the polar molecules of water spread rapidly on the 

surface. It happens because of the high surface tension of water compared to oil, which results in 

higher surface energy on the superhydrophilic surfaces than the hydrophobic surfaces. The 

superhydrophilic oil-water separation material can prevent the material from being contaminated 

by oil effectively to realize oil-water separation and material recycling. Under gravity, these 

materials can realize the selective separation of water in an oil-water mixture. This type of 

surface can be obtained by designing hydrophilic chemical composition and microscale or 

nanoscale layered structure 44. This asset of the superhydophilic and superoleophobic materials 

makes it possible to create surfaces that repel oil while it tends to absorb water. So, water will 

pass through the porous structure of a coated surface, while oil will concentrate on the top 

surface, facilitating oil-water separation. 34.   

Because of these qualities, superhydrophilic and underwater superoleophobic materials 

can be employed for oil-water separation. However, synthesis of this unique surface is very 

difficult. The surface tension of the liquid typically determines wettability for a specific surface. 
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Hexadecane, for example, has lower surface energy than water. As a result, hexadecane will 

always have a smaller contact angle than water for similar homogeneous substrates 45. The 

hydrophilic and oleophobic components' positions are intercalated with one another. The 

interface is filled by the low-surface-energy component in the presence of oil droplets, resulting 

in oleophobicity. Water molecules are able to enter these surfaces when water droplets are 

present due to the presence of hydrophilic moieties and water-driven molecular rearrangement 

showing hydrophilicity 44–47.  

The hydrophilic surface must be kept free of pollutants such as airborne organics, 

moisture, and dust particles to maintain the wetting properties. When exposed to the laboratory 

environment, a freshly produced hydrophilic surface tends to acquire its lowest energy (most 

stable state) by rapid changes at the surface, such as the adsorption of water molecules or organic 

pollutants. In this case, many materials naturally experience contamination of their hydrophilic 

surfaces and, resulting in a decrease in surface energy 48. 

2.4  Fabrication of Superhydrophilic and Superoleophobic Surfaces 

Surfaces can be modified to be more hydrophilic in one of two directions: by depositing a 

molecular layer of a new material that is more hydrophilic than the substrate or by changing the 

surface chemistry of the substrate. The most typical way for inorganic substrates is to apply 

coatings on the surface. In the case of polymeric materials, however, alteration of surface 

chemistry is involved. In this part, we'll go over some of the most prevalent ways for making 

surfaces hydrophilic 37,49.  
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2.4.1 Deposited Molecular Structures 

Organic molecules that adsorb onto the solid surface can form monolayers. These 

molecules can come from either a solution or a vapor phase. The end of the deposited organic 

layers must be polar to produce a hydrophilic surface. Water will not be drawn to the surface if a 

saturated hydrocarbon-based group or a fluorinated group is near the end of the layer, resulting in 

hydrophobic circumstances. If the surface has chemical groups such as –OH, COOH, or POOH, 

water molecules will be attracted to it by hydrogen bonding 49. Dip-coating and Spray methods 

are two common methods in this category 44. 

Dip Coating: The dip-coating process is quick to prepare, simple to use, and ubiquitous. 

The metal mesh components are submerged in the prepared solution during the dip-coating 

procedure. The solution's components are then loosely and irregularly disseminated across the 

substrate surface, resulting in rough surface morphology and no interaction between the solvent 

and the substrate mesh throughout the coating process44. By depositing a plant tannin coating 

over the membrane surface, a hydrophilization modified PVDF membrane was created by Zhang 

et al. in 2016. The quantity of tannin coating that impacts the hydrophilicity and filtering 

performance is investigated by adjusting the modifying time. Zhang's team reported that all the 

modified membranes have a flux recovery ratio greater than 95%. Also, during the extended 

rinse procedure, the underwater oil contact angle reportedly stabilized at roughly 156° 50.  

Spray method: Spraying functional materials directly on the surface of a material to 

provide a unique wettability surface is known as the spray technique. Nanoparticles made from 

low-surface-energy materials are manufactured, sprayed on the material's surface, and dried. 

After multiple rounds of spraying and drying, a surface with exceptional wettability was 
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achieved. The spraying approach is simple to use, uses little energy, and works well with metal 

matrix materials that are chemically stable 44. 

Li et al. (2016) team designed an underwater superoleophobic TiO2 coated mesh by 

spraying TiO2 nanoparticles and polyurethane mixtures onto a stainless steel mesh, the 

separation efficiency of the coated mesh is as high as 99.0%, and the CA higher than 150° has 

reported 51.  

The naturally and hydrothermally treated mica particles are used to create a unique 

superhydrophilic (underwater superoleophobic) filter by Gunatilake and Bandara (2017). 

Hydrothermally treated mica particles were first electrodeposited on a stainless steel mesh. Then 

natural mica particles were sprayed on top of the first hydrothermally deposited mica layer to 

create a double-layered filter. In air and underwater, the double-layered mica-coated membrane 

exhibited superamphiphilic and superhydrophilic/superoleophobic (contact angle >159) 

properties. With an oil/water separation effectiveness of over 99%, the membrane can separate a 

wide spectrum of oil-water combinations 9. 

2.4.2  Modification of Surface Chemistry 

Many advancements have been made in the recent few decades in producing surface 

treatments, such as using plasma, corona, flame, photons, electrons, ions, X-rays, g-rays, and 

ozone, to modify the chemistry of polymer surfaces without changing their bulk characteristics. 

In-situ growth method: Recent research has focused on employing in-situ synthesis to 

produce composite materials. The changed material reacts with the substrate material in the in-

situ chemical reaction, generating a unique structure on the substrate surface. This approach, 

which is simple and does not require a sophisticated retreatment process, dramatically enhances 
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the adhesion between the changed material and the substrate  . Zhu et al., in their paper, reported 

that the in-situ synthesis of SNPs (Silver nanoparticles) in generating PES (polyethersulfone) 

casting solution was a unique way of constructing composite membranes. The surface 

hydrophilicity and charge density of composite membranes containing hydrophilic SNPs were 

significantly increased, aiding the antifouling characteristic of hybrid membranes. At 0.6 MPa, 

the water flux of composite membranes has reached 75.37 L.m-2.S-1 52. 

Electrochemical method: In the electrochemical method, the electrode of the substrate 

material undergoes an oxidation process under the influence of an external electric field, 

resulting in a dense rough structure on the surface 44. Yuan et al. in 2017 used nanostructured 

TiO2/CuO dual coatings to fabricate the copper mesh by a combination of electrochemical 

anodization and layer-by-layer self-assembly deposition and reached a contact angle of 154° for 

crude oil 25. In a paper published by You et al. (2018), an alternate method for fabricating a 

unique all-inorganic membrane with superhydrophilicity and underwater superoleophobicity for 

successful separation of oil/water mixtures was presented. A simple, quick, and low-energy-

consuming one-step electrodeposition approach created a Zn-ZnO electrodeposited copper mesh. 

All measured oil/water combination separation efficiencies are more significant than 99.0 

percent, and incursion pressures for all tested oils that the mesh can tolerate are more significant 

than 1.5 kPa 53. 

Sol-gel method: The sol-gel approach involves first preparing a low viscosity solution 

and then coating the material's surface with a sol-gel membrane. This approach can accomplish 

even doping at the molecular scale with a lower synthesis temperature 44.  
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Jiang et al., in their paper, reported that combining a polydopamine (PDA) adhesive layer 

between the TiO2 layer and the glass, the substrate has improved the wettability and wear 

resistance of titanium dioxide (TiO2) thin films. Sol-gel dip-coating method was used to deposit 

coating layers of TiO2 thin film generated from sol-gel precursor on PDA precoated glass 

substrate. Creating a mixed layer between the TiO2 and PDA layers, which strengthens the 

adherence of the TiO2 layer to the substrate and hence the wear resistance of TiO2/PDA thin 

films, is credited with the enhanced wear resistance 16. In Huang et al. literature, a one-step sol-

gel technique was used to create a non-laminated graphene oxide membrane crosslinked by 

polyethyleneimine. Due to the report used the superhydrophilic membrane to separate a series of 

oil-in-water emulsions that were both surfactant-free and surfactant-stabilized. With only gravity 

and no added power, a high separation efficiency (>99 percent) and flux were attained, 

substantially bigger than commercial filtering membranes with similar permeability 

characteristics 21. Figure 4 is a schematic sample of the sol-gel process. 

 

Figure 4: Schematic illustration of the formation of a polyethyleneimine via the sol-gel process21. 

Chemical etching: Etching is an easy and low-cost way to make rough structures, and 

it's commonly used to make superoleophobic surfaces. Depending on whether solutions are 



   

 

 
17 

employed, it may be divided into wet and dry etching. In items with basic electronics, wet 

etching is used. Surface topography, on the other hand, is challenging to manage, especially for 

smaller materials. Dry etching is more accessible to regulate than wet etching and produces no 

waste liquors. However, the necessary equipment is more complicated and costly.  

Furthermore, because the material is removed from the original surfaces, the surfaces 

formed by both wet and dry etching are brittle 54. The chemical etching process involves 

corroding the surface of materials with a strong acid or alkali solution, resulting in a micro-nano 

rough texture on the surface. The initial corroded area on the metal mesh's surface will form a 

pit, and then a rough surface structure will emerge 44.  To better understand wetting behavior, Liu 

et al. (2013) created an artificial superhydrophilic surface that mimicked fish scales. Their 

research chose smooth silicon surfaces, microstructured silicon surfaces, and micro/nano-

hierarchical structured silicon surfaces as the modeling surfaces. Chemical etching was used to 

create silicon wafers with micro/nanostructures, then submerged in hydrofluoric acid and silver 

nitrate solutions. The artificial interfaces were made from polyacrylamide hydrogels produced 

using a casting process. Microstructured silicon surfaces and micro/non-hierarchical structured 

silicon surfaces reveal a hyper hydrophilic surface with WCA< 5o compared to smooth silicon 

surfaces with WCA 52.5o in their study 45.  

2.4.3 Physic-Chemical Methods 

Chemical vapor deposition: Chemical vapor deposition (CVD) is a method of 

producing solid deposits by causing chemical reactions on solids using gaseous gases. The 

advantages of this approach are ease of use, homogeneous coating, conformability, and excellent 

stability 44. Plasma treatment, UV light irradiation, laser treatment, and microwave irradiation 
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can all be used to create a superhydrophilic surface by vapor deposition 55. Lai et al. (2008) 

provided a novel two-step photocatalytic lithography method for fabricating superhydrophilic–

superhydrophobic micropatterns on the TiO2 nanotube structured film. The superhydrophobic 

TiO2 nanotube film is created in the first step using electrochemical and self-assembled 

processes. The superhydrophobic film is then selectively subjected to UV light using a 

photomask in the second stage, which photocatalyzed the organic monolayer built locally on the 

TiO2 nanotube surface. Due to the change in surface composition and higher wettability provided 

by the rough TiO2 nanotube, the water droplet thoroughly wetted the film with a CA less than 

5°56. 

Laser ablation: High precision, environmental friendliness, and non-contact 

manufacturing are all advantages of laser ablation. The most common types of laser ablation 

processing are point-by-point scanning and line-by-line scanning. The surface roughness 

structure is created by consuming the substrate itself, comparable to the chemical etching process 

57. Zupancic et al., in 2015 used a laser to treat a polydimethylsiloxane-coated silica fume, for 

example. Compared to the hydrophobic coating of 138, the hydrophobic coating after pulsed Nd: 

YAG thermal laser treatment becomes superhydrophilic with WCA<1o 58. 

2.5  Methods to Characterize the Superhydrophilic and Superoleophobic Surfaces 

2.5.1 Contact Angles and Contact Angle Hysteresis (or Sliding Angle) 

Static contact angle measurement is the most common approach for quantifying the 

hydrophilicity or oleophobicity and using an optical-based contact angle measure of 

manufactured surfacesurement instrument 35,42,59. The contact angle changes throughout the 

three-phase contact line for a liquid drop lying on a rough and/or heterogeneous solid surface. If 
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the system is in equilibrium, the actual contact angles are identical to Young’s contact angles. 

Variations in the inclination of the rough surface and take in the chemistry of a heterogeneous 

surface produce local changes in angles (cause the three-phase contact line to contort). The local 

angles are not recorded since the contact angles usually are determined macroscopically for 

liquid droplets with a few millimeters diameter using low-magnification optical lenses 35,36,60.  

Since the turn of the twentieth century, it has been generally accepted that both advancing 

and receding contact angles should be measured and reported. The advancing contact angle has 

been defined as the highest metastable contact angle observed for a liquid drop that progresses or 

recently advances across an unwetted solid surface under specific natural vibrations since the 

1960s 11,61,62. The minimal metastable contact angle recorded for the liquid retreating or recently 

retreated from the wetted material under natural vibrations is the receding contact angle  . The 

advancing and receding contact angles are metastable equilibrium contact angles because they 

can release various values when mechanical stimuli are applied to the system. Experimental 

advancing and receding contact angles are the Gibbs energy curve's maximum and lowest 

contact angles. Figure 5 has a local minimum from which the liquid cannot escape via natural 

vibrations. The most stable contact angle for a given system corresponds to the lowest Gibbs 

energy 64–68. 
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Figure 5: The Gibbs energy for a liquid on a heterogeneous and/or rough solid surface about 

apparent contact angle.67 

The Gibbs energy, which considers surface geometry, topography, and local wettability 

characteristics, may be used to explain the occurrence of various liquid-solid metastable 

configurations. A link between Gibbs energy and apparent contact angle for a liquid on a 

heterogeneous solid surface is shown in Figure 5. A rough surface might be represented by 

similar graphs 67. 

However, there are flaws in research on contact angle measurements for solid objects 

under vibrations. To begin with, there is no way to verify that vibrations result in liquid 
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spreading in its most stable condition. This uncertainty is not present in the microbalance 

technique given in the second half of this contribution 59,61,69.  

The thermodynamic relationships of Wenzel, Cassie, and Cassie-Baxter are only valid 

when they are obtained from infinitely tiny displacements produced by a liquid across an area 

with no change in topography or heterogeneity pattern. Furthermore, any heterogeneity or 

asperity must be orders of magnitude more significant than the size of a liquid drop or contact 

line in general. Such surface properties are seldom fulfilled on actual surfaces. Therefore, the 

surface topography underneath the three-phase contact line, as well as the consequent form of the 

liquid perimeter, are more essential. The term "wetting contact line" does not fit into a one-

dimensional mathematical definition of length. Surfaces and interfaces, and hence the contact 

line, have vertical dimensions in the actual world determined by the sizes of molecules and 

atoms. Interfacial forces act on a junction of three interfaces at the contact line, contributing to its 

structure and features 59,66,70. 

Experimental advancing and retreating contact angles result from a mix of factors, 

including solid surface energy, sample shape, size, roughness and heterogeneity features. As a 

result, several recent efforts have focused on direct measurements of liquid-solid interactions, 

which began with developing two devices. During spreading, adhesion at its most stable stage, 

and separation, the system captures forces. Force barriers in transitions from spontaneous 

spreading to maximum adhesion and finally pull-off may be measured. Contact angles may be 

utilized to analyze advancing, retreating, and most stable contact angles, as well as contact angle 

hysteresis, because they are calculated from collected pictures (Figure 6). Using a microbalance 

to measure contact angles for droplets in their most stable shape has a considerable advantage 

over previous attempts to reinforce a liquid to relax to the most stable state or close to it using 
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mechanical or acoustic vibrations. The contact angle at the exact point of the most stable 

condition may be calculated using the microbalance–camera system at the same time 67.  

 

 

Figure 6: Microbalance and experimental set-up used in adhesion force measurements between 

water droplets and solids. Optical image of a water droplet in contact with hydrophobic pattern 

with marked, measured contact angles67. 

2.5.2 Scanning Electron Microscopy (SEM)  

The scanning electron microscope (SEM) is one of the most versatile tools for examining 

and analyzing microstructure morphology and chemical composition characterizations. To 

comprehend the foundations of electron microscopy, we must first understand the basic concepts 

of light optics. The acquisition of signals produced by electron beam and specimen interactions 
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is required for image creation in the SEM. There are two types of interactions: elastic 

interactions and inelastic interactions 71.  

The incoming electron is deflected by the specimen atomic nucleus or outer shell 

electrons of similar energy, resulting in inelastic scattering. A wide-angle directional shift of the 

dispersed electron and low energy loss during the collision define this type of interaction, as 

shown in Figure 7. Backscattered electrons (BSE) are incident electrons that are elastically 

dispersed at an angle greater than 90 degrees and produce a suitable signal for imaging the 

material 72. 

When an incoming electron collides with a specimen atom, instead of being deflected off 

instantly, the intense electrons burrow into the sample for a bit of distance before colliding with 

an atom. The central electron beam creates a zone of primary excitation resulting from which 

various signals are generated. The size and form of this zone are substantially determined by the 

beam electron energy and the specimen's atomic number, hence density 71.  

The secondary electron emission signal is the most extensively utilized signal produced 

by interacting the primary electron beam with the specimen. Secondary electrons are produced 

when the primary beam collides with the sample surface, causing the ionization of specimen 

atoms. They can only escape from a zone within a few nanometers of the material surface 

because of their low energy, generally about 3–5 eV. As a result, secondary electrons mark the 

beam’s position precisely and provide high-resolution topography data 71,73. 
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Figure 7: Illustration of several signals generated by the electron beam–specimen interaction in 

the scanning electron microscope and the regions from which the signals can be detected 71. 

2.5.3 Energy Dispersive X-ray (EDX) 

An energy-dispersive X-ray (EDX) system may count individual X-ray photons incident 

on the detector and distribute the counts into various histogram bins based on energy, allowing 

for "parallel detection" of a wide range of X-ray energies 74.  

Good performance in the subject of elemental microanalysis should assist answer all or 

part of the following questions: Qualitative: What components are present in the sample at a 

specific location? Quantitative: At what point in the sample is each element's concentration 

highest? Spatial: Are there any compositional differences in the field of view field74? 
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Figure 8: Energy dispersive X-ray analysis of different points in the same scan area showing a 

different elemental composition of each point. 

EDX can identify elements with atomic numbers more than boron, which can be 

identified at concentrations of at least 0.1 percent. Material assessment and identification, 

contaminant identification, spot detection analysis of areas up to 10 cm in diameter, quality 

control screening, and other applications are all possible with EDX 75. EDX analysis is 

commonly used to scientifically evaluate the content of corresponding elements in the scanning 

region when elemental detection in ceramic samples is required. EDX data may be shown in a 

variety of ways. First, by directing the electron beam to a specific place in the scan region, a 

localized elemental distribution of the sample may be created 75,76. EDX measurements can also 

be shown by creating a plot of relative elemental distribution along a horizontal line in the 
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sample's scan region 75. Figure 8 shows an example of EDX analysis of the elemental 

composition of different points in the same scanning area. 

 

2.5.4 Fourier Transform Infrared Spectroscopy (FTIR)  

Fourier transforms infrared spectroscopy is a frequently used vibrational spectroscopic 

method for chemical analysis of biological materials. Because most inorganic and organic 

components in the environment have dipole moments, they are active in infrared (IR) radiation. 

This spectroscopic approach involves absorbing energy from a photon, facilitating the transition 

from a lower-energy state to a higher-energy state 77.  Higher-energy conditions cause molecular 

bond vibrations (stretching, bending, twisting, rocking, wagging, and out-of-plane deformation) 

in the IR portion of the light spectrum at various wavenumbers (or frequencies). The inherent 

physicochemical features of the relevant molecule dictate the wavenumber of each IR 

absorbance peak. As a result, this is identified as a fingerprint of that functional group 77,78.  The 

absorbance is shown against wavelengths ranging from 700 nm to 400 000 nm, with wave 

numbers going from 14 000 cm1 to 25 cm1. 

The molecule vibrates more as it absorbs energy, stretching and bending depending on its 

geometry. The absorption spectrum pattern is similar to a fingerprint that identifies the molecule 

and may be used for both quantitative and qualitative examination 77.  As shown in Figure 9, 

transmission FTIR (e.g., potassium bromide (KBr)-pellet FTIR), attenuated total reflection 

(ATR)-FTIR, and diffuse reflection infrared Fourier Transform (DRIFT) spectroscopy are the 

most often utilized FTIR methods for bulk material characterization. Transmission FTIR is a 

quick and low-cost technology that has been widely employed in chemistry, geology, and other 
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scientific domains 78. Figure 10 is a sample of chemical maps for a microscopic field with 

distinct sporinite.  

 

Figure 9: Simplified schematics of standard Fourier transform infrared spectroscopy (FTIR) 

analysis modes 78. 
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.  

Figure 10: Chemical maps of a microscopic field with distinct sporinite (Sp) 78. 

2.5.5 Transmission Electron Microscopy (TEM)  

Since its introduction in the early 1940s, transmission electron microscopy (TEM) has 

been an essential tool in cell biology. The most common TEM use in cell biology is imaging 

dyed thin slices of plastic-embedded cells by passing an electron beam through the sample and 

absorbing and scattering the beam, resulting in contrast and a picture. The electron beam's tiny 

wavelength (100,000 times shorter than photons in visible light) allows TEM to attain struggle 

resolution, which is significantly less than that of even the highest-resolution light microscopes 

(20 nm) 79.  
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Figure 11: Schematic illustration of the analytical TEM techniques for emerging advanced 

materials 80. 

The broad-beam approach, which employs a parallel incident beam and captures coherent 

data, has traditionally dominated high-resolution (HR) TEM. HRTEM has been widely used in 

microstructure characterization due to its quick signal collecting time and good picture 

resolution. The HRTEM picture, on the other hand, is strongly thickness- and defocus-dependent 

due to the crucial roles of specimen thickness and objective focus in the contrast transfer 

function 79,81 (Figure 11).  

Three methods are widely used for TEM experiments, drying, staining, cryo-TEM or a 

combination of these methods 79,82,83.  

The most accessible and extensively used approach for studying self-assembly and 

vesicles is drying (including freeze-drying). Before imaging, a 2–5 μl sample drop is put on a 

carbon or polymer-coated grid and allowed to dry for a few minutes to several hours. The 

approach is based on material sciences and is best suited for exceedingly stable materials 82.  
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Negative staining is preferable to drying for the soft stuff. Heavy metals can be used to 

stain a sample to preserve it and improve contrast. A potent scattering agent, such as iodine, 

ruthenium, or osmium tetra-oxide, is a positive stain that sticks to certain parts of the sample. A 

negative stain stains the surface and surrounds, hiding the item and any internal structural 

elements and giving it a footprint-like look 83.  

Cryo-TEM photographs the material in its most natural condition instead of negative 

staining. By putting and then blotting a drop of sample on a lacy or holy carbon-covered grid, the 

sample is vitrified in a small layer of solvent and photographed at shallow temperatures, ensuring 

that the medium does not change phase evaporate in the high vacuum. Water is vitrified by 

rapidly chilling it, commonly by immersing it in liquid ethane cooled to its melting point82,83. 

2.5.6 X-ray Diffraction (XRD)  

In solid-state and materials chemistry, X-ray diffraction (XRD) is critical since it may 

reveal the phase composition, chemical content, and crystal structure of the material under 

investigation. The complexity of the analysis varies greatly: at the most basic level, XRD is 

utilized for phase identification using the "fingerprinting approach 84." Diffraction patterns 

develop when an x-ray beam impinges on a crystalline material, reflecting its structural and 

physicochemical properties. Every crystalline material makes a pattern; the same substance 

produces the same pattern every time; and in a combination of substances, each ingredient has its 

own pattern independently of the others." 85. Quantitative X-ray powder diffraction analysis is 

widely used to determine the ratio of the various phases present in a multi-phase mixture, 

especially in the cement industry. The technique's foundation is understanding the X-ray 

scattering from each crystalline phase inside a material, which necessitates crystal structure data 
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for each phase. This can be complemented by inserting a known weight of standard material, 

allowing the fraction of any amorphous substance to be estimated by difference 84. XRD has 

several advantages, including non-destructive nature, high sensitivity, reliability, depth profiling 

(glancing incident angle), easy sample preparation, user-friendly system, convenient operational 

procedure, fast speed, effective resolution, low maintenance cost, proper automation, and simple 

data interpretation that can be used for both qualitative and quantitative analysis in a variety of 

applications. Yet, it has a number of drawbacks, including the use of hazardous radiations, as 

well as the need for a standard reference to match for inference and a costly apparatus 86. A 

diffraction pattern can also be used to determine the percentage purity of a sample by taking into 

account the amount and composition of contaminants present 86,87.  

 

Figure 12: A typical XRD diffractogram showing a crystalline sample of TiO2. 
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Figure 13:  A typical XRD diffractogram shows an amorphous sample of SiO2. 

When crystalline substances are analyzed using XRD, they produce a diffraction pattern 

with a well-defined, narrow, sharp, and substantial peak, as shown in Figure 12, whereas 

amorphous in Figure 13, materials produce a pattern with noise signals, smeared peaks, or short 

order bumps like. Many polymers have semi-crystalline behavior, resulting in a halo pattern. By 

comparing the integrated intensity of the background pattern to that of the sharp peaks, powder 

XRD may be used to estimate crystallinity. The percentage crystallinity and crystallinity index 

have been calculated in various ways by various scientists84,86,88.  
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Figure 14: XRD instrument schematic. An incident x-ray beam shines on the surface and a film 

or electronic detector captures the signal as it completes an arc 85. 

The x-ray wavelength is determined by the binding energies of the electrons participating 

in the electronic transition and the soler slits provide a small band of collimated x-ray 

wavelengths that is directed to the sample Figure 14. So, the radiation is diffracted by the sample 

at angles that follow Bragg's Law85: 

                                                                          𝑛𝜆 = 2𝑑 𝑠𝑖𝑛 𝜃                                                            (4) 

Where n is an integer (1, 2, 3, 4,. . . ), 𝑑 hlk marks the interplanar spacing generating the 

diffraction, and 𝜃 is the x-ray incident angle. This law describes the relationship between the 

wavelength of electromagnetic radiation and the crystalline sample's lattice spacing and 

diffraction angle. As the x-ray source completes an arc over the sample, the radiation diffracts in 

discrete directions in space, and an area detector or film records the reflections. The identity and 

location of the atoms in the unit cell are related to the position and intensity of the reflection85. 
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By combining XRD with SEM/EDX/TGA/DSC/FTIR/Raman devices and micro 

reactors, it can now provide crystallographic data in situ, which may be used to solve problems 

in pharmaceuticals and other sectors. 

2.5.7 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is widely considered an essential technology for 

the surface characterization and investigation of material after an applied treatment such as 

fracturing, cutting, or scraping 89,90. For an XPS measurement, the typical depth of analysis is 

about 5 nm. Scanning the sample surface with a micro-focused X-ray beam allows spatial 

distribution data to be collected. Given the limited range of photoelectrons generated from the 

solid, the XPS method is quite surface specific. A concentric hemispherical analyzer is used to 

determine the energy of photoelectrons exiting the sample, resulting in a spectrum with a 

succession of photoelectron peaks. The peaks' binding energy (BE) differs depending on the 

element. The peak regions can be utilized to identify the material's surface composition. The 

chemical state of the emitting atom can somewhat modify the form of each peak and the BE. As 

a result, XPS can also offer chemical bonding information 90. Because the analyzer is normally 

one meter distant from the X-ray irradiation surface in XPS surface investigation, a UHV system 

is required to acquire the highest electron count during the spectra acquisition. The ultra-high 

vacuum (UHV) surface analytical approach calculates the elemental composition of elements 

with an atomic number of lithium or above and determines the kinds of chemical bonds and 

oxidation state in the material surface in a qualitative and quantitative manner 91. 

The element specificity of the binding energies and the relationship between the intensity 

of the photoelectron peaks and the element concentration provide quantitative information. The 
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energy location of a photoelectron peak compared to the energy position of the same level in a 

reference molecule provides qualitative information (chemical shift) 92. In a single attempt, a 

survey scan (sometimes known as a wide scan) is undertaken with the BE spanning from 0 to 

1200 eV. This will provide details on the components found in the sample, as shown in Figure 

15 90. 

 

Figure 15:  Survey spectrum of titanium dioxide showing various titanium and oxygen peaks and 

a carbon peak 90. 

Apart from understanding the content, the atomic percentage composition of the 

components in the film can also be evaluated. The ratio of the suitable components can be used 

to assess the hydrophilicity and hydrophobicity of a film. It can also reveal the degree of cross-

linking and linearity of a membrane's polymers 90,91,93. 
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2.5.8 Surface Energy Calculation 

One of the fundamental concepts in surface physics is surface energy, which is defined as 

the surface excess free energy per unit area of a specific crystal facet. It controls the equilibrium 

form of mesoscopic crystals, is involved in faceting, roughening, and crystal development, and 

may be used to calculate surface segregation in binary alloys 94.  

Since surface free energy cannot be directly measured, numerous models based on 

contact angle measurements have been presented. One of the most often cited surface-free 

energy theories is an estimation of surface energy through Neumann and Owen, Wendt, Rabel 

and Kaelble (OWRK) models. It distinguishes between polar and dispersive interfacial 

interactions. This model necessitates the measurement of the contact angle with two known 

liquids to calculate the surface free energy. All surface free energy theories are based on Young's 

equation. It refers to the force balance at the three-phase contact point where air, liquid, and solid 

collide ((1) 94–97.  

The right side of the equation must be known or measured once the solid's surface free 

energy has been calculated. Surface tension and contact angle are simple to calculate, but 

interfacial tension between the liquid and solid phases is more challenging. Several attempts 

have been devoted to formulating the liquid-solid interactions. Young, as well as Antonow, 

suggested this idea. 

                                                                     𝛾𝑠𝑙  =  𝛾𝑠 − 𝛾𝑙                                                       (5) 

This equation doesn’t work if γs> γl. So, the equations were stated as follows by Good 

and Girifalco98: 

                                                                𝛾𝑠𝑙  =  𝛾𝑠 +  𝛾 𝑙 − 2𝑓( 𝛾𝑠  𝛾𝑙)
0.5                                                 (6) 
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where assumes  =1. So, the OWRK equation is as follows: 

                                𝛾𝑠𝑙 =  𝛾𝑠𝑣 + 𝛾𝑙𝑣 − 2√(𝛾𝑠𝑣
𝐷 . 𝛾𝑙𝑣

𝐷 ) + √(𝛾𝑠𝑣
𝑃 . 𝛾𝑙𝑣

𝑃 )                                 (7)   

where γD and γP are dispersive and polar components of surface tensions. From (1 and 7, we 

have: 

                            √𝛾𝑠𝑣
𝐷 + √𝛾𝑠𝑣

𝑃 . √(𝛾𝑙𝑣
𝑃 𝛾𝑙𝑣

𝐷 )⁄ = 1 2⁄ [𝛾𝑙𝑣(1 + cos 𝜃)] √𝛾𝑙𝑣
𝐷⁄                          (8) 

                                                          𝑐 + 𝑚𝑥 = 𝑦                                                             (9) 

where, c= √(γsv
D) and m = √( γsv

P) 98–100.   

The OWRK model can determine the solid surface free energy with two or more known 

polar and dispersive liquids components. The OWRK approach divides interfacial surface 

tension into two categories: polar and dispersive interactions between molecules. As a result, the 

solid's total surface energy equals the sum of its polar and dispersive components. Permanent 

dipole-dipole interactions give rise to the polar component. In polar compounds, they are more 

powerful (having permanent dipole moment). When random variations in the electron density are 

brought together, the dispersive component emerges, resulting in an induced dipole-dipole 

interaction 98. 

2.6 Summary 

Superhydrophilic and superoleophobic surfaces are crucial in applications involving oil-

water separation, such as the treatment of oily wastewater and the cleanup of oil spills. Despite 

significant attempts over the past decade, there hasn't been a thorough review report or work on 

the fabrication of superhydrophobic and superoleophilic surfaces. The manufacturing and 

characterization of the SS surfaces utilized in the oil-water separation procedures are reviewed in 
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this chapter. Additionally, it emphasizes the benefits and drawbacks of manufacturing and 

characterization methods, the state and future of SO membranes, and new research areas. 

Most superhydrophilic and superoleophobic membranes have an oil contact angle 

(OCA)>150 and a will contact angle (OCA) < 5, resulting in an high oil-water separation 

efficiency. 

The performance of the meshes and membranes can be measured using methods like 

scanning electron microscopy (SEM), X-ray powder diffraction (XRD), Fourier transform 

infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), atomic force microscopy 

(AFM), and permeation tests. In contrast, only a few studies have used contact angle 

measurements to analyze short-term stability. 
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CHAPTER THREE 

3 Experimental Setup, Methods and Procedure  

3.1 Materials  

The following mesh materials are purchased from YIKAI Store at Amazon: Woven Wire 

Stainless Steel 400 Mesh, 0.038mm aperture, 30µm wire diameter, Wire Filtration SS T316, 

Open Area 31%; Woven Wire Stainless Steel 200 Mesh 0.075mm aperture, 60µm wire diameter, 

Wire Filtration SS 304L, Open Area 34%; Woven Wire Stainless Steel 120 Mesh 0.125mm 

aperture, 80µm wire diameter, Wire Filtration SS 304L, Open Area 33%; Woven Wire Stainless 

Steel 80 Mesh 0.180mm aperture, 120µm wire diameter, Wire Filtration SS T304, Open 

Area 31%. These are the SS meshes that been used in our research.  

Titanium (IV) Oxide ((TiO2), MW: 79.88 gr/mol) Nanoparticles and Iodine (I2) 99.999% 

are purchased from Fisher Scientific Canada, Silica ((SiO2), MW:60.08 gr/mol) Nano-powder 

(10-20 nm), Acetylacetone 99+% are provided from Sigma Canada. These materials were used 

for preparing coating solutions. 

 Ethylene glycol and Dimethylformamide used for surface energy calculation tests, 

hexane and Terranova used as an oil in contact angle measurements and oil water separation 

tests, phenol red indicator was used to make the emulsion red, and dichloromethane (DCM) was 

applied for cleaning the meshes and distracting the oil. These materials were purchased from 

Sigma Aldrich (Winston Park Dr. Oakville, Ontario, Canada).  
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3.2 Fabrication of the SS Mesh 

To prepare a superhydrophilic/superoleophobic stainless steel mesh, four main stages of 

(1) cleaning, (2) preparing coating solution, (3) coating and (4) characterizing must be included. 

Figure 16 shows the mesh fabrication procedure.  

 

Figure 16: Mesh Fabrication procedure. 

3.2.1 Cleaning 

First, the SS mesh samples should be washed with soap or weak detergent and rinsed 

with warm water to eliminate dust and dirt. In the second step to remove the binder composition 

on the SS mesh surface, are first ultrasonically cleaned (for 1 hour) in Ethanol, rinsed with DI 

water, ultrasonically cleaned (for 1 hour) in Acetone, and rinsed with DI water again, then the 

mesh immersed in 10% Nitric Acid for 15 minutes with sonication to clean the rust on the mesh 

surface, and rinsed with DI water again. Finally, the cleaned mesh has been left at room 

temperature to dry. In the cleaning procedure, using ultrasonic is faster and more effective than 

other methods to remove the contaminants14,51,101,102. 

3.2.2 Coating Solution 

To prepare TiO2/SiO2 SS mesh, with a trial-and-error approach, the optimal concentration 

of components in the solution was determined as: 0.5 g TiO2, 0.004 g SiO2, in 50 ml 2,4-
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Pentandione (acetylacetone) 99+% as a solvent with addition of 0.04 g iodine 99.999% to 

generate TiO2 positive charges in the solution. Then, the solution was sonically stirred for 1 hour 

to enhance its stability (Figure 17). After each electrophoretic deposition test, the solution was 

magnetically stirred for 5 min 23,24,103. To check that we prepared the best mesh, these solutions 

without SiO2 and with 0.008 g of SiO2 have been compared. 

 

Figure 17: Preparing the coating solution by sonication stirring. 

3.2.3 Electrodeposition Coating 

Furthermore, electrodeposition is the most widely utilized additive-based strategy for 

fabricating the desired surface roughness. This technology is capable of altering the water 

repellent ability of the surface by manipulating the surface topography by establishing a 

homogeneous micron- or nanoscale structural roughness on the surface. 24,104,105.  
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TiO2/SiO2 coatings on SS mesh were produced by electrophoretic deposition (EPD). 

Electrodeposition was performed with a two-electrode electrochemical cell in the solution where 

the pre-cleaned SS mesh was used as a cathode and a piece of graphite as the anode. Both 

electrodes were held by a tweezed arm to enable them to be dipped into the prepared solution 

and the distance of 15mm between electrodes in the glass beaker (Figure 18). The best result 

found in electrodeposited time and applied voltages were 20 V and 2 min, respectively. Before 

sintering, the prepared meshes have been dried at room temperature for 24 h 23,24,106–108.  

 

 

Figure 18:  Electrodeposition procedure. 
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3.2.4 Sintering 

After coated meshes dried at room temperature the sintering was performed under a 

controlled Nitrogen atmosphere with a flow rate of 100 cc/min. Heating and cooling rates were 

13 ◦C/min.  Electric furnaces (Lindberg/Blue M™ Moldatherm™ Box Furnaces) were used for 

this purpose, and sintering was carried out at 800 ◦C for 1h dwelling time 23,107,109.  This process 

has been repeated at 500 and 650 ◦C to compare the results. Figure 19 shows the sintering 

instrument used in this study.  

 

Figure 19:  Sintering procedure by Electric furnaces (Lindberg/Blue M™ Moldatherm™ Box 

Furnaces) 
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3.3 Wettability Measurement 

Contact angle measurement is the simplest and most widely used method for determining 

the hydrophilicity or underwater hydrophobicity of manufactured surfaces. To prevent 

contamination of the surfaces, the contact angle and surface energy measurements were 

performed by a video-based fully automated Data Physics drop shape analyzer device (krüss 

drop shape analyzer-DSA25) at room temperature (Figure 20).  

To determine the hydrophilicity of the coated surface, contact angle (WCA/OCA) was 

measured by the sessile drop method. The measurements were carried out by placing the coated 

meshes in a cubic and transparent quartz container filled with seawater and the oil droplet was 

placed under the mesh through an inverted needle; an aliquot of 4 μL of x-hexane and Terranova 

were used as a solvent. 

The surface energy of the surface is calculated by dispensing solvent droplets (4 μl/drop) 

of the known surface tension solvents, DI water (more polar), ethylene glycol, formamide 

(intermediate polar & dispersive). This technique allows for exact observation of any dynamic 

changes to the droplet on the surface. With the help of this technique, contact angles may be 

estimated with a 0.1° accuracy. OWRK model was used, to assess the contact angles with four 

distinct test liquids and surface free energies (polar and dispersive).  

To check the stability of the coated mesh, samples are aged in seawater (PH=7.4), 0.1 M 

H2SO4 and 0.1 M NaOH solutions for one month. For tests after each week, 10 days, there are 

five replicated mesh samples in a sealed bottle containing a chemical (acid, base, and seawater). 
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To account for any topographic and chemical inhomogeneity on the surface, the contact 

angle measurement data were averaged over at least five separates randomly chosen places on 

each sample. 

 

Figure 20:  krüss drop shape analyzer-DSA25 for measuring the contact angles 

 

3.4 Microstructure Characterization 

The morphology of the electrodeposited SiO2-TiO2 on SS mesh was characterized by a 

cold field emission scanning electron microscope (SEM, FEI MLA 650FEG) equipped with 

Bruker EDX. An SEM paired with Energy-Dispersive X-ray Spectroscopy (EDX) detectors 

allows for the compositional investigation of materials. Variations in the material composition 

may be traced across a millimeter to micrometer scale using the SEM's EDX detector (microns). 

Electrons are used to bombard a sample surface, and the resulting x-ray energy and intensities 

are then measured. The specimen's elemental makeup is evident in the x-ray energies, and the 

strength of the x-rays is precisely related to the weight proportion of each of those chemical 



   

 

 
46 

components. The coated meshes were attached to an aluminum stub with double-sided carbon 

tape to characterize the samples. 

The crystalline structure of the coatings was determined by X-ray diffraction with a 

Rigaku Ultima IV x-ray diffractometer with a copper x-ray source and a scintillation counter 

detector. The samples were performed with a Cu source at 40 kV and 44 mA over a diffraction 

angle range of 5.000-90.000 with a sampling width of 0.020.  An X-ray tube, a sample holder, 

and an X-ray detector are the three fundamental components of an X-ray diffractometer. In a 

cathode ray tube, X-rays are produced by burning a filament to produce electrons, accelerating 

the electrons with a voltage toward a target, and then hitting the target material with the 

accelerated electrons 85,88,110. Characteristic X-ray spectra are created when electrons have 

enough energy to knock inner shell electrons out of the target material. The sample's surface will 

be exposed to concentrated, collimated, monochromatic radiation produced by a cathode ray 

tube84. 

3.5 Oil-Water Separation Test 

One of the most significant environmental issues in the world today is water that has been 

polluted by oil. Particularly, it was still quite difficult to separate oil-water emulsions. The as-

prepared mesh ability to separate oil from water evaluated by the oil-water separation tests. The 

filtering procedure for separating an oil-water mixture is represented in Figure 22, a and b.  

The separation tests were done using the emulsion. to prepare the emulsion, 313 μl of 

crude oil (Terranova) and 250 mL of water were mixed with the high-speed homogenizer (15000 

rpm) for 5 min (Figure 21).  
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The coated mesh was fixed between two glass tubes and sealed by Teflon flanges. The 

Terranova and water emulsion was poured onto the water pre-wetted mesh. Oil was retained 

above the coated mesh due to the remarkable underwater superoleophobic qualities of the 

TiO2/SiO2 coated mesh, whereas water with a greater density than oil readily passed through the 

coated mesh. Additionally, no detectable oil (be able to see by eye) was found in the water that 

was collected, demonstrating great purity and successful separation of the oil/water emulsion 

(Figure 22,c and Figure 23). 

 

Figure 21:  Emulsion preparation procedure  

The concentration of oil components was measured and calculated by UV-vis, 

Fluorescence Emission light tests before and after passing through the mesh. From these 

experiments the oil-water separation efficiency were evaluated.  
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Also, Water flux and water intrusion pressure were also analyzed to further assess the 

impact of the coated meshes with varying levels of water adhesion on the effectiveness of 

oil/water separation. 

 

 

Figure 22: The oil-water separation system. a) and b) oil-water separation setup system, c) fresh 

emulsion, d) collected water after oil water separation test   
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Figure 23: a) coated mesh before usage, b) coated mesh after oil water separation test, c) used 

mesh after rinsed by seawater 

 

3.5.1 UV-Vis and Fluorescence Tests 

Oil Extraction and Analysis: All experimental and oil-water samples from the baffled 

trypsin zing flasks were extracted using the pesticide-quality solvent dichloromethane (DCM). 

The needed volumes of the oil and the dispersant were dispensed using a Brinkmann Eppendorf 

repeater pipettor by dispensing 2.0 ml to 20 ml. A Shimadzu Recording UV-VIS 

Spectrophotometer (Model UV-1800) that measures absorbance at 340, 370 and 400 nm was 

used to quantify the amount of dispersed oil 111.  The Concentration of oil is also calculated by 

the Cary 6000i UV-Vis-NIR spectrophotometer at mono-wavelength 260 nm. Fluorescence 

spectra were measured on a Photon Technology International (PTI) Quanta Master 

spectrofluorometer emission light excitation at 300 nm111.  

 Our samples were prepared by mixing 2 ml of Terranova oil with 80 μl of dispersant, 

followed by 18 ml of DCM; a stock solution of the dispersant-oil combination was created, as 

shown in Figure 24. The mass measurements following each addition were used to calculate the 

concentrations of the stock solution. A precise amount of the stock standard solution was mixed 

with 30 ml of synthetic seawater in a 125 ml separatory funnel to create a nine-point calibration 
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curve Figure 44. The stock solution's volumes were changed to produce absorbance 

measurements within the spectrophotometer's linear dynamic range (LDR) 111. The samples were 

then subjected to three liquid/liquid extractions, each employing 5 mL of DCM and the final 

extract being changed to 20 or 25 mL. (adjusted to maintain the LDR). When ready for analysis, 

the final extract was then put into 25 mL serum bottles sealed carefully and kept at 5 °C. the final 

extracted sample calls oil standard.  

 

 

Figure 24: Oil distraction by DCM 

To analyze the extract, we recorded the absorbance at three distinct wavelengths of 340, 

370, and 400 nm to measure absorbance at several wavelengths. Then, we computed the area 
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under the absorbance vs. wavelength curve using the trapezoidal method and the following 

equation: The lowest 95% confidence level of the 4 independent replicates is used to calculate 

the dispersion effectiveness value provided. 

                                           𝐴𝑟𝑒𝑎 =
(𝐴𝑏𝑠340+𝐴𝑏𝑠370)×30

2
+

(𝐴𝑏𝑠370+𝐴𝑏𝑠400)×30

2
                                   (10) 

where Abs340, Abs370 and Abs400 are the absorbances at three discreet wavelengths of 340, 

370, and 400 nm respectively111.  

Following an oil spill, an oil dispersant is a solution made of emulsifiers and solvents that 

aids in breaking up large drops of oil into smaller ones. Small droplets can more easily be 

dispersed over a water volume and may be more easily biodegraded by aquatic bacteria. When 

using dispersants, a trade-off must be made between exposing aquatic life to dispersed oil and 

exposing coastal life to surface oil. To calculate the Total Oil Dispersed and the percentage of oil 

dispersed (%OD), the area count is used based on the ratio of oil dispersed in the test system to 

the total oil added to the system, as follows: 

                            𝑇𝑜𝑡𝑎𝑙 𝑂𝑖𝑙 𝐷𝑖𝑠𝑝𝑒𝑟𝑠𝑒𝑑(𝑔) =
𝐴𝑟𝑒𝑎

𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝐶𝑢𝑟𝑣𝑒 𝑆𝑙𝑝𝑜𝑒
× 𝑉DCM ×

𝑉 𝑡𝑤

𝑉𝑒𝑤
                (11) 

 

where:  VDCM = volume of DCM extract, Vtw = total volume of seawater in the flask, 

Vew= total volume of seawater extracted, and  

                                                       %𝑂𝐷 =
𝑇𝑜𝑡𝑎𝑙 𝑂𝑖𝑙 𝐷𝑖𝑠𝑝𝑒𝑟𝑠𝑒𝑑

𝜌𝑜𝑖𝑙 × 𝑉𝑜𝑖𝑙
                                                   (12) 
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𝜌 oil = density of the specific test oil, g/L, and Voil = volume (L) of oil added to test 

flask111. 

After plotting the calibration curve and calculating OD, the oil concentration of extracted 

samples took before and after passing through the coated mesh were measured by UV-Vis at 

three distinct wavelengths of 340, 370, and 400 nm. From these experiments, the concentration 

of oil in the samples before (emulsion) and after passing through the mesh (treated water) was 

measured and the removal efficiency were calculated by the following equation 

            𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦% = (𝑂𝐶𝐸𝑚𝑢𝑙𝑠𝑖𝑜𝑛 − 𝑂𝐶𝑇𝑟𝑒𝑎𝑡𝑒𝑑 𝑤𝑎𝑡𝑒𝑟 𝑂𝐶𝐸𝑚𝑢𝑙𝑠𝑖𝑜𝑛) × 100⁄         (13) 

 

where OC Emulsion is the measured oil concentration of emulsion and OC Treated water is the 

measured oil concentration of the treated water. 

The samples extraction process was same for fluorescence and mono wavelength UV-Vis 

tests.  

3.5.2 Water Permeating Flux and Oil Intrusion Pressure 

Water flux and water intrusion pressure were also evaluated to further analyze the effects 

of the coated meshes with various levels of water adhesion on the efficiency of oil/water 

separation.  

In a particular separation experiment, 400 ml of water was rapidly poured into the filter 

system. Water poured through the barrier and into the beaker below due to the force of gravity, 

as shown in Figure 25. The time it took to collect 400 ml of water passed through coated mesh 
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and non-coated mesh was noted, and the water permeating flow was calculated using the formula 

below. 

                                                                     𝐹 =
∆𝑉

𝐴 ∆𝑡
                                                                 (14) 

where ∆𝑉 is the volume of filtrate collected in the beaker, ∆𝑡 is the time taken to collect 

the filtrate, and A is the effective separation area of the mesh 112. 

The oil/water pressure resistance of the coated mesh ∆P was evaluated by measuring the 

oil intrusion pressure equation as follows: 

                                                                             ∆𝑃 = 𝜌𝑔ℎ                                                              (15) 

where ρ is the density of the oil used for testing, g is the gravitational acceleration 

constant, and h is the maximum height of oil that the membrane can support without intrusion 

(the height of the oil was obtained from the average three individual experiments)112,113. 
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Figure 25: The process of water permitting flux calculation 

 

3.6 Summary 

In this chapter, each step of the fabrication process of the coating is explained in detail.  

Four different SS mesh sizes were used (80, 12, 200 and 400). All cleaned meshes were 

fabricated by the electrodeposition method by TiO2 solutions with different SiO2 concentrations. 

Prepared meshes dried at room temperature and sintered at three different temperatures (500, 650 

and 800 oC).  
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The process and tools utilized for electrodeposition coating sample preparation and 

application are described. Following manufacturing, the samples' surface wettability and 

electrothermal characteristics are assessed. In this study, Terranova and hexane were used to 

measure the underwater CA.   

The coating's micro-nanostructure was studied using scanning electron microscopy 

(SEM) and the crystalline structure of the coatings was determined by X-ray diffraction (XRD). 

The setup structure and the process of preparation of emulation were discussed, followed 

by oil-water separation efficiency tests. 
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CHAPTER FOUR 

4 Results and Discussions  

This chapter presents the results to characterize the SS coated mesh. This analysis 

includes wettability tests, surface characterizing tests and oil-water separation tests.  

4.1 Mesh Wettability Analysis 

4.1.1 Contact Angle Measurements  

The SS mesh count 400 samples are coated in our prepared solution with different 

concentrations of SiO2 and sintered at 800◦C. The relation between the concentration and the 

underwater contact angles with two solvents Hexane and Terranova have been shown in Table 1 

and Figure 26.  

Table 1: relation between contact angle and concentration of SiO2 

example concentration of TiO2 

mol 

concentration of SiO2 

mol 

Ratio of SiO2/TiO2 CA of Hexane 

          (1)  

CA of Terranova 

            (1) 

1 0.15 0 0 157.7 154 

2 0.15 0.001 0.005 165.3 162 

3 0.15 0.002 0.01 173.2 170.8 

4 0.15 0.003 0.02 171.0 167.5 

5 0.15 0.004 0.03 168 164.1 

6 0.15 0.008 0.05 158 156.2 

7 0.15 0.012 0.09 151.1 148.3 

8 0.15 0.016 0.11 146.3 143.2 

9 0.15 0.033 0.22 142.2 139.2 

10 0.15 0.05 0.33 136.4 133.5 
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From the figure it can be observed that we have the highest CA for both Hexane and 

Terranova in 1% (percentage of SiO2/percentage of TiO2=0.01) concentration of SiO2 (it equals 

0.004 gr SiO2 in our solution). After three times measuring the CA, the average results for the 

highest CA for solvent hexane was 173.2° and for Terranova was 170.8°. This experiment 

showed us to find the right amount of Silica that gives the highest hydrophilicity.  

 

Figure 26: relation between contact angle and concentration of SiO2. 

To find the best mesh pure size and Sintering temperature, we measured the contact angle 

of mesh once, irrespective of the SiO2 concentration and mesh pore size, then for different pore 

sizes. The results of these experiments are shown in Table 2, Figure 27 and Figure 28. 
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Table 2: Relation between CA Vs. temperature and mesh size 

 

 The best sintering conditions for producing relatively dense and homogeneous coatings 

were found to be sintering temperature of 800◦C and dwelling time of 1 h. Figure 27 shows the 

amount of CA for mesh samples sintered in 500, 650 and 800 ◦C for 1hr dwelling time. We can 

observe from the graph that by increasing the temperature, the CA for both Hexane and 

Terranova will increase, that we have the highest amount at 800 ◦C. It needs to be mentioned that 

by increasing the temperature higher than 800 ◦C, our samples get burned, so the optimum best 

temperature is found at 800◦C. Keeping in mind that TiO2 has the crystalline structure that 

effects its hydrophilicty character. Rutile and Anatase are two main mineralogical types of 

titanium Oxide. The phase transition from anatase to rutile happens in a temperature range of 

600-800 °C and that rutile bears the hydrophilicity phase of TiO2. In this work, amorphous 

TiO2/SiO2 coatings were converted into the crystalline phase by sintering at 800 °C. More 

descriptions at section 4.2.3. 

 Likewise, the CA has a direct relation with mesh pore size; in our experiment, we tried 

four different mesh counts (400, 200,120 and 80), and we found the best result with a mesh count 

400 shows this relation in the graph. From these experiments, the highest contact angle achieved 

Mesh Size Temperature 800◦C Temperature 650◦C Temperature 500◦C 

CA of 

Hexane 

CA of  

Terranova 

CA of 

Hexane 

CA of  

Terranova 

CA of 

Hexane 

CA of  

Terranova 

400 173.0 172.1 163.1 161.0 152.0 151.5 

200 168.3 170.0 159.3 157.0 149.0 147.0 

120 152.0 165.0 153.5 150.9 143.0 139.5 

80 150.0 153.2 144.7 145.8 132.5 136.4 
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was 173.2 and 170.8 for Hexane and Terranova (Figure 29), with 1% concentration of SiO2 on 

mesh 400 and 800 ◦C sintering temperature, as shown in Figure 28. This proves that the TiO2-

coated mesh's water-spreading rate rose as pore size decreased, making it possible to choose an 

appropriate pore size to accomplish superwetting (Figure 29). The mesh pore size of 45m 

produced the largest spreading rate (superwetting) and the highest oil contact angle underwater 

because mesh hydrophilicity, underwater oleophobicity, and spreading rate all decreased with 

decreasing mesh pore size. 

 

Figure 27: The CA of mesh 400 sintered at different temperatures. 
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Figure 28: The CA of different mesh size sintered in 800C. 

 

Figure 29: a) The underwater contact angle of Hexane and b) the underwater contact angle of 

Terranova, on SS  mesh 400, coated with TiO2 and 1% SiO2 concentration, sintered at 800C . 
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4.1.2 Mesh Chemical Stability Test 

After the coated mesh has been exposed to a harsh environment for an extended period, 

OCA measurements may be used to evaluate the stability of the coated SS mesh against 

chemicals. Table 3 shows the static contact angle findings for the SS mesh coated with solution 

after samples were aged for thirty days in seawater, 0.1 M acid (H2SO4) and 0.1 M alkaline 

(NaOH) solutions. The contact angle measurements shown in Table 3, are the mean of five mesh 

samples that were used as replicates; three drops were applied to each mesh sample. The 

CAHexzane = 177.2 ° and CATerranova= 173.5 °, before ageing in the seawater, acid, and alkaline 

solutions. 

Table 3: Chemical stability test results for a period of 30 days. 

Solutions 

10 days 20 days 30 days 

CA of 

Hexane 
CA of Terranova 

CA of 

Hexane 

CA of 

Terranova 

CA of 

Hexane 

CA of 

Terranova 

NaOH 0.1 M 164.7 164.0 162.1 161.0 161.4 158.3 

H2SO4 0.1 

M 
168.8 169.1 159.3 157.0 158.8 153.6 

Seawater 

(PH=7.41) 
163.6 162.8 158.5 154.9 154.4 151.2 
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Figure 30: Chemical stability analysis through CA measurements for a) Hexane and b) 

Terranova. The SS mesh samples are aged at room temperature in H2SO4 (0.1 M, shown in 

orange), NaOH (0.1 M, shown in blue), and seawater (1 M, shown in gray) solutions over thirty 

days.  

It can be observed from Figure 30, after 10 days the CA is still higher than 160 ° for all 

samples and the most significant drop was for the mesh aged in seawater (CAhexane = 163.6° and 
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CATerranova = 162.8°). The samples in the alkaline (0.1 NaOH) had their main drop in the first 10 

days, and after that, the CA angles slightly changed. At the same time, the sudden CA changes 

for the samples in the Acid solutions happened between days 10-20. For the samples kept in the 

seawater, the CA declines with a constant slope during thirty days. Although it was the most 

significant drop between all the samples over a month. 

4.1.3 Surface Energy  

Surface energy is calculated by the OWRK method (equations 8 and 9). For this 

approach, the surface energy is measured using at least two liquids with known polar and 

dispersive surface tension components. Here, three liquids are selected: water, formamide, and 

ethylene glycol. 

The various liquids employed for the surface energy study are displayed in Table 4. 

Table 4: The surface energy of the liquids employed in the study 

Liquids  Chemical 

Formula  

 

Surface Tension 

(Dispersive)  

γdS (mN/m) 

 

Surface Tension 

(Polar)  

γpS (mN/m) 

 

Total Surface 

Tension  

γS (mN/m) 

 

References for 

Values  

Water  H2O 29.10  43.70  72.80  99,114 

Ethylene Glycol  (CH 2OH) 2 

 

26.40  21.30  47.70  99,114 

Dimethylformamide C3H7NO 

 

25.21 

 

11.29 

 

36.5 

 

115 

 

The contact angle of Dimethylformamide and Ethylene Glycol are shown in the Figure 

31, respectively. The Contact angle of water is zero. 
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Figure 31: a) Contact angle of Dimethylformamide, b) Contact angle of Ethylene Glycol. 

The surface energy plots of all the manufactured samples fitted with the OWRK model 

are presented in Figure 21. 
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Figure 32: Surface energy calculation graph using OWRK method for the hybrid coating. 

The calculated surface energy values, base on equation 9, are displayed in Table 5. 

Table 5:  Surface energy results for the nanoscale hybrid coatings. 

Water 

Contact 

Angle (°) 

Ethylene 

Glycol 

Contact 

Angle (°) 

Dimethylformamide 

Contact Angle (°) 

Surface 

Tension 

(Polar) 

(mN/m) 

Surface 

Tension 

(Dispersive) 

(mN/m) 

Surface 

Energy 

(mN/m) 

Convergence 

0 
100.31 

 

115.61 22.323 12.986 35.31 0.9208 

 

The coating's surface energy is determined to be 35.31 mN/m. The wetness of the surface 

affects surface energy. When the solid surface's total surface energy is reduced, wettability 

decreases. 

y = 22.323x - 12.986
R² = 0.9208
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4.2 Surface Characterization Analysis 

4.2.1 Scanning Electron Microscopy (SEM) 

SEM images have been used to visualize the SS mesh morphology. Figure 33(a), (b) and 

(c) are taken for characteristics of mesh 400 before and after coating in TiO2 and 1% SiO2 

coating solutions on mesh 400 with a sintering temperature of 800°C at three 70X,500X and 

22000x magnification, respectively.  

  

Figure 33: SEM images of mesh 400 cleaned without coating at a1) 70x magnification (bar 

scale 200m), a2) 500x magnification (bar scale 10m) and a3) 22,000x magnification (bar 

scale 1m)  and mesh 400 after coating with TiO2 and 1% SiO2 solutions and  sintering 

temperature of 800°C at b1) 70x magnification (bar scale 200m), b2) 500x magnification (bar 

scale 10m) and b3) 22,000x magnification (bar scale 1m) 
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From pictures taken in 70x and 500x magnification, we understand that even though the 

mesh pores have been filled with the coating solution, the arrangement of the ss mesh wires can 

still be noticed. Comparing two images that were taken on 500x magnification shows that mesh 

pores have been filled with the coating solution. However, there are some cracks and open areas 

which they are big enough to absorb the water and let the water droplets pass the mesh. Because 

of the superoleophobicity characteristics of the coating surfaces, the oil droplets are not passing 

through these pores. The images in 22,000x magnification show that the surface roughness will 

be increased after coating, and it helps the hydrophilicity and oleophobicity of the prepared 

meshes. These findings suggest that, like the self-cleaning lotus leaf, the produced coated mesh 

film has a rough surface with both micro- and nanoscale features. 

 

Figure 34: SEM images from the side of mesh 400 a) before and b) after coating with TiO2 and 

1% SiO2, both meshes are sintered at 800o C. 

Figure 34 shows the thickness of SS mesh 400 before and after coating.  In this case, the 

SEM images are taken from the side of meshes. The thickness of sintered non-coated mesh is 

62.87 m (Figure 34, a); this amount is acquired by averaging the 5 points and the thickness of 
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the coated mesh reaches 81.32 m (Figure 34, b). Accordingly, the coating thickness is 18.45 m 

for the solution TiO2 + 1% SiO2. 

Figure 35 shows the SEM images taken at 500x magnification (bar scale 200m) from 

mesh 400, 200,120 and 80 before and after coating with the TiO2 and 1% SiO2 solution, sintered 

at 800o C. It can be observed from Figure 35 that by increasing the mesh count, the size of the 

opening will decrease. Both for meshes before coating and after coating, it has a direct relation 

with the OCA. As observed in Figure 28, the coating shown in Figure 35 (e) gives the maximum 

OCA (mesh 400). So, by decreasing the opening size, we have a bigger CA. The approximate 

opening size for mesh 400 before coating is 1.38 e3 m2 decreasing to 2.02 e2 m2 after coating. 

No coating materials exist in the pores of the mesh, which helps free air passage through the 

prepared coating mesh film. 
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Figure 35: SEM images at 500X magnification; bar scale 200m of a1)mesh 400, a2)mesh 200, 

a3)mesh 120 and a4)mesh 80 before coating and b1)mesh 400, b2)mesh 200, b3)mesh 120 and 

b4)mesh 80 after coating with TiO2 and 1% SiO2 and sintered at 800oC. 
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Figure 36 shows the SEM images of mesh 400 coated with TiO2 and SiO2 solution at 

500X magnification taken at different sintering temperatures (Room temperature, 500, 650 and 

800o C) to show the effects of temperature on the sintered mesh. Based on Table 2, the highest 

CA was for mesh sintered at 800o C (Figure 36, d), and by decreasing the temperature, the CA 

will fall, too. From Figure 36, by increasing the temperature, the liquid part of the solution is 

vaporing (Acetylacetone), and the shape and structure of the SS mesh appear. As a result, the 

material cannot be washed by water, and the coating will be more stable and durable during the 

oil-water separation test 116. 

 

Figure 36: SEM images at 500X magnification; bar scale 200m of mesh 400 coated with TiO2 

and 1% SiO2 and sintered at a) room temperature b) 500 oC c)650 oC and d) 800 oC. 
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The effects of SiO2 nano-powders in a coating solution shown with SEM images (Figure 

37, a,b and c) following three solutions: TiO2, TiO2 + 1% SiO2 and TiO2 + 2% SiO2 respectively. 

All samples are coated on mesh 400 and sintered at 800 oC.  

In Figure 37, we can observe that the pure spaces between mesh wires are filled to a 

reasonable extent by increasing the concentration of SiO2. The differences of the mesh prepared 

with 1% and 2% SiO2 are insignificant as the CA results for these two types of mesh are very 

close (3o differences). Likewise, the structure of the SS mesh is recognizable by increasing the 

concentration of the SiO2.  

 

Figure 37: SEM results of mesh 400 coated at a) TiO2, b) TiO2 + 1% SiO2 and c) TiO2 + 2% 

SiO2 solutions sintered at 800 oC.  

4.2.2 Energy Dispersive X-Ray (EDX):  

In Figure 38, we show the EDX analysis of the mesh coated with TiO2 and 1% SiO2 

formulation. The weight percent of the elements and atom percentage are also reported in Table 

6; the highest detected element counts, and X-ray energy belongs to Ti, with 53.01 wt% of the 

detected sample area at an energy level of 4.5 keV. For the EDX analysis, we choose an area of 

interest on the coated mesh wires and dismiss the empty mesh area with no coating. It is clear 

that the TiO2 deposition was successful and achieved self-cleaning ability by the presence of 
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extra signals of the Ti element on the EDX spectra of the TiO2/SiO2 SS coated meshes, allowing 

the oily contamination to be photodegraded to restore super wetting surfaces 25. 

 

Figure 38: EDX analysis of the SS mesh coated with TiO2 and 1% SiO2 Sintered at 800oC 

Table 6: EDX analysis of Figure 38 

Atom wt% Atom % 

O 53.02 77.10 

Si 0.21 0.17 

S 0.01 0.00 

Ti 46.78 22.72 

 

4.2.3 X-Ray Diffraction (XRD): 

The anatase- and rutile-crystal structures are the most prevalent types of the prototypical 

photocatalyst TiO2 25. Considering that the phase transition from anatase to rutile occurs in a 

temperature range of 600–800 °C and that rutile carries the hydrophilicity phase of TiO2, 
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amorphous TiO2/SiO2 coatings were transformed into the crystalline phase by sintering at 800 °C 

in this study.  

 

Figure 39:  XRD result for sintered mesh (green diagram), SiO2 nano-powders (red diagram), 

TiO2 nano particles (purple diagram), coated mesh with TiO2 and 1% SiO2 before sintering (pink 

diagram), and mesh 400 coated with TiO2 and 1% SiO2 sintered at 800 oC (blue diagram).  

Figure 39 shows the respective XRD pattern of the sintered mesh, SiO2 powders, TiO2 

powders, coated mesh with TiO2 and 1% SiO2 before sintering and coated mesh with TiO2 and 

1% SiO2 sintered in 800 oC.  SiO2 powders have an amorphous structure, so the calculated 

pattern was composed of a disordered single dominant X-ray amorphous halo (the red one) at 

about 23°2θ. This amorphous halo can still be recognized on coated mesh before the sintering 

graph (the pink one). But after sintering, all the amorphous structures transformed into the 

crystalline phase. 
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As mentioned before, to have a hydrophilic characteristic, the anatase phase of the TiO2 

should be transformed into the rutile phase. In this study, the anatase was marked by two strong 

diffraction peaks at 25.5° (101) and 48.0° (200), with a total amount of 86.3% for TiO2 

nanoparticles. This amount decreased to 82.6% on a mesh before sintering. While after sintering 

the coated mesh at 800 °C, all the anatase have been transformed into the main tree peak of the 

rutile at 27.8° (110), 36.1° (101) and 54.2° (211), indicative of the successful phase 

transformation.  

To check why the 800 °C have decided as a sintering temperature for current research, 

the measured XRD results for mesh before sintering and sintered at 500 °C, 650 °C and 800 °C 

on mesh 400 are shown in Figure 40.  

 

Figure 40: results for mesh 400 coated with TiO2 and 1%. SiO2 before Sintering (pink 

diagram), sintered at 500 °C (purple diagram), 650 °C (orange diagram), and 800 °C (blue 

diagram). 
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From Figure 40, it can be observed that only at 800 °C all the anatase have converted to 

the rutile phase. In contrast, the rutile amount is only 22.7 % at 650 °C and 14.7 % at 500 °C.  

The rutile diffraction peaks are shown at 27.8° (110), 36.1° (101) and 54.2° (211).  

The effects of SiO2 concentration in the coating solution are investigated with the XRD 

test and are shown in Figure 41. For this test, three samples were prepared on mesh 400 and 

coated in three samples with different concentrations of SiO2 (1%, 2% and without SiO2); all 

samples were prepared at a sintering temperature of 800 oC.  

 

Figure 41: XRD results of mesh 400, sintered at 800 0C and coated in a solution without SiO2 

(blue diagram), 1% SiO2 (green diagram). 
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From Figure 41, it identified that only with a 1% concentration of SiO2, we have the 

highest amount of rutile (red diagram, rutile=100%). These data also prove the CA results we 

deliberated in section 4.1.1.  

4.3 Oil-Water Separation Test 

The oil-water separation is conducted according to the process flow diagram shown in Figure 

22. The following experiments identified the efficiency of the process. All the experiments were 

done by mesh 400, coated in TiO2 and 1% SiO2 solution and sintered in 800 oC. Figure 42 shows oil-

water samples before and after passing through the prepared mesh. 

 

 

Figure 42: optical photos of the a) oil-water mixture (Fresh emulsion) and b) collected water 

after passing through the coated mesh.  
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4.3.1 Water Permeating Flux Rate and Intrusion Pressure  

Water flux is an evaluation of the oil/water separation ability of the mesh. The water flux 

(F) was measured under a fixed column of water and the data resulted from five times repeated 

experiments. The values were calculated using equation (14). In this experiment, we fixed  

V to 0.4 L. The area of the mesh that water passes through is 2.5410-4. The average required 

time for the permeation of 0.4 L water after five times for non-coated and coated mesh is 62 S 

and 79 S, respectively. So, the flux rate for non-coated mesh is 25.40 L.m-2.S-1 and for coated 

mesh is 19.94 L.m-2.S-1. 

Oil intrusion pressure (P) is determined from equation (15) by the maximum height (hmax) 

of the water column that the coated meshes can bear. The maximum bearable height achieved for 

SS coated mesh was 39.0 cm Figure 43. Thus, the water intrusion pressure for the coated meshes 

was 3.12 kPa. It is worth mentioning that 39.0 cm is not the maximum height; this is the 

maximum amount we could examine with our facilities. 
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Figure 43: Water intrusion pressure of the TiO2+1% SiO2 coated meshes (oil mixture is dyed 

with phenol red) 
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4.3.2 Filtration Performance by UV-Vis and Fluoresces Tests 

We recorded the absorbance at three distinct wavelengths of 340, 370, and 400 nm using 

a recording spectrophotometer that can detect absorbance at multiple wavelengths. Then we used 

the trapezoidal method to determine the area under the absorbance vs. wavelength curve using 

the equation (10). These results are gathered in Table 7, and the calibration curve by multi-

wavelength 340, 370 and 400 nm is shown in Figure 44.  

Table 7: Calculated area by the absorbances at three discreet wavelengths of 340, 370, and 400 

nm. 

Oil 

concentration 

(ppm) 

Wavelengths (nm) 
Area 

340 370 400 

960 0.447 0.233 0.145 15.87 

720 0.326 0.169 0.105 11.535 

480 0.226 0.116 0.072 7.95 

336 0.151 0.078 0.049 5.34 

240 0.111 0.057 0.036 3.915 

144 0.076 0.039 0.025 2.685 

96 0.052 0.026 0.017 1.815 

48 0.03 0.014 0.009 1.005 

24 0.019 0.008 0.005 0.6 
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Figure 44: Terranova calibration curve by multi-wavelength 340, 370, and 400 nm UV-Vis. 

Then the concentration of oil components was measured and calculated by UV-Vis 

before and after passing through the mesh (Table 8). The oil concentration in the emulsion 

(before departing the mesh) is 1011.75 ppm and the oil concentration after passing the coated 

mesh is 86.53 ppm.  Therefore, the removal efficiency of multiwavelength (340,370,400 nm) 

UV-Vis calculated by equation 13, is 91.4%.  

Table 8: Concentration of oil before and after passing through the mesh by multi-wavelength 

340,370 and 400 nm uv-vis test 

sample 
Concentration of oil 

(ppm) 

Emulsion 1011.757 

Treated water 86.539 
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The Concentration of oil is also calculated by the UV-Vis mono-wavelength 260 nm. The 

data of this experiment are shown in Table 9 and Figure 45. 

Table 9: Calculated area by the absorbances at discreet mono wavelengths of 260nm. 

Oil concentration  

(ppm) 

Wavelength (nm) 
Area 

260 

280 2.75 2.58 

252 2.51 2.34 

224 2.28 2.11 

196 2.03 1.86 

168 1.79 1.62 

140 1.48 1.31 

112 1.245 1.075 

84 0.98 0.81 

56 0.709 0.539 

28 0.444 0.274 

14 0.31 0.14 

7 0.24 0.07 

0 0.17 0 

 

 

Figure 45: Terranova calibration curve by monoi-wavelength 260 nm UV-Vis. 

y = 0.0093x + 0.0174

R² = 0.9995

0

0.5

1

1.5

2

2.5

3

0 50 100 150 200 250 300

A
re

a

Oil Concentration (ppm)



   

 

 
82 

The Concentration of oil in the samples before and after passing through the mesh were 

measured from mono-wavelength UV-Vis and shown in Table 10. The removal efficiency from 

equation 13, is 91.81%, almost the same as the results from the multi-wavelength test. 

Table 10: Concentration of oil before and after passing through the mesh by UV-Vis  mono-

wavelength 260 nm 

Sample 
Concentration of oil 

(ppm) 

Emulsion 1052.545 

Treated water 86.20311 

 

The separation efficiency of the TiO2+1% SiO2 mesh is also distinguished by the 

fluorescence emission light at 300 nm excitation wavelength (Figure 46). The Concentration of 

oil before and after passing the mesh are 1034.91 ppm and 91.89 ppm, respectively. So the oil-

water separation efficiency is about 91.12% (Table 11). 
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Figure 46: Fluorescence intensity at 300 nm excitation wavelength as a function of oil 

concentration for DCM (DCM, purple), water mixture before (Emulsion, blue) and after passing 

through mesh (mesh, red)  

Table 11: Concentration of oil before and after passing through the mesh by fluorescence 

intensity at 300 nm excitation wavelengths, the oil-water separation efficiency is 91% based on 

these three tests. 

Sample 
Concentration of oil 

(ppm) 

Emulsion 1034.91 

Treated water 91.89 

 

 

4.4 Summary 

The superhydrophilicity and superoleophobicity character of the coated meshes is carried 

out in this chapter. First off, mesh wettability characterization was investigated. Contact angles, 

DCM 

Collected Sample 

Emulsion 
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mesh chemical durability, and surface energy was examined in this regard. Results of the contact 

angel tests reveal that the best mesh was prepared with the SS mesh 400, coated with TiO2 and 

1% SiO2 and sintered in 800oC with the underwater contact angel results of 173.0 and 172.0 for 

Hexane and Terranova, respectively.  

In the second part, the surface characterization tests such as SEM, EDX and XRD have 

been studied. SEM micrographs and EDX tests confirmed the presence of the TiO2 nanoparticles 

and showed the effects of SiO2 on surface structure and roughness. XRD results approve that the 

best temperature for sintering would be 800oC. Mesh size 400 showed better results than other 

meshes tested in this study.  

The flow flux rate and oil permeating pressure were determined in Oil-water separation 

tests. The oil-water separation efficiency was assessed by single and multi-wavelength UV-vis 

and fluorescence tests. From all experiments, the effectiveness of the mesh after coating was 

91%.  
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CHAPTER FIVE 

5 Conclusions and Recommendations for Future Work 

5.1 Conclusions 

This study focuses on the fabrication of SS mesh and its application for oil-water 

separation purposes. The potential of the SS mesh tube as-fabricated for the separation of 

oil/water from an oil-water mixture is assessed using a cross-flow dynamic setup under various 

oil concentrations and total flow rate parameters. In addition, Characterization studies are also 

carried out to demonstrate how the surface evolves after coating. The three main chapters of this 

thesis include a review of the literature (2), the manufacture and preparation of SS mesh (Chapter 

3), characterization and dynamic oil-water separation using a SS mesh tube (Chapter 4). 

A superhydrophilic-superoleophobic stainless steel mesh-based membrane is 

fabricated to evaluate how well the membrane surface modification affects the efficiency of 

static oil-water separation. To create a membrane that is both superhydrophilic and 

superoleophobic, the clean meshes are activated by the electrodeposition method with three 

solution mixtures, first TiO2, second TiO2+ 1% SiO2 and third TiO2+ 2% SiO2 solution to study 

the effect of silica. All these solutions are coated on SS meshes with four different opening sizes 

80, 120, 200 and 400. Then prepared meshes are sintered at temperatures 500 oC, 650 oC and 800 

oC.  

Under this coating process, the surface energy and morphology of the membranes are 

modified simultaneously. The fabricated mesh is characterized by SEM, EDX, XRD, equilibrium 
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underwater OCA of Hexane and Terranova measurements, stability tests, and static oil-water 

separation analysis. The primary outcomes of this experimental research are as follows:  

• Maximum OCA for hexane (173.2) and Terranova (170.8) was achieved for the 

mesh 400, coated with TiO2+ 1% SiO2 and sintered at 800 oC.  

• The results from SEM and XRD tests confirm the superhydrophilicity and 

superoleophobicity of the coated mesh.  

• According to the SEM images, the nano roughness offers an increased surface 

area with a useful oil repellent property. The apparent cracks on the extended 

surface also form areas with strong capillary pressure that positively pass through 

the water phase. 

• Based on the XRD tests, by increasing the temperature, the superhydrophilicity 

character of the coated mesh is increasing. Only at 800 oC is the Anatase phase of 

the TiO2 converted to the Rutile, which gives us the superhydrophilicity feature. 

Also, the results show that the highest amount of Rutile was achieved for the 

solution by a 1% concentration of SiO2. 

• The manufactured membranes exhibit remarkable stability after being immersed 

in seawater,0.1 M NaOH and 0.1 M H2SO4 solutions for 30 days. 

All the experiments prove that the SS mesh 400 coated with TiO2+ 1% SiO2 and at 800oC 

sintering temperature has the highest hydrophilicity and oleophobicity features.  

The efficiency of fabricated stainless-steel mesh in continuous mode is examined in the 

last stage of this study for the varying total flow rates.  
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• Data from five times repeated tests were used to determine the water flow (F) 

beneath a fixed column of water. As a result, the flux rate for coated and non-

coated mesh is 19.94 L.m-2.S-1 and 25.40 L.m-2.S-1, respectively. 

• Oil intrusion pressure (P) is determined as 3.12 kPa for the maximum height 

of 39.0 cm.  

•  The efficiency of the oil-water separation was calculated by the Uv-vis and 

fluorescence tests for the prepared emulsion. From these experiments, we 

have similar results in all experiments and the separation efficiency achieved 

after the mesh is 91%.  

• Based on the durability tests, these meshes are reusable for at least five cycles 

and reusing these coated meshes also lowers the cost of treating oily effluent. 

The membrane as-prepared shows a potential path for dealing with stratified oil/water mixes 

and emulsions, and this work offers an easy and universal method to create TiO2-decorated 

materials. 

5.2 Recommendations for Future Work 

The following suggestions for further work are made using the crossflow gravity-based 

setup for the dynamic oil-water separation using SS mesh tubes: 

• Our experiments are based on lab-scale results tests. Doing the oil-water 

separation tests on a pool-scale are recommended. 

• Further research can examine the impact of vacuum and oil droplet size on the 

dynamic oil-water separation process. As a result, a static mixer introduced into 
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the tube side and attached to a regulated vacuum can produce an oil-water 

combination. 

• The impact of fouling on the functionality of the SS membranes is one of the 

elements that was not addressed in this study, but it can be in further studies. 

• Using mathematics and modeling techniques like computational flow dynamics 

(CFD) and artificial neural networks, our system's momentum and mass transfer 

may be represented later. With efficient modeling/simulation techniques, a 

systematic parametric sensitivity analysis would be able to better design and 

operate the membrane toward optimal conditions. 

• It is advised to evaluate the effects of various coating materials, particularly those 

with minimal environmental impact. 
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